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Thermodynamic and transport properties of Sr1−xCaxRuO3 with a calcium concentration x ≥ 0.8
were investigated at low temperatures and in external magnetic field. The investgations revealed
a Landau Fermi liquid (LFL) behaviour characterized by specific heat C/T = const and resistivity
ρ ∼ T 2 and an anomalous non-Fermi liquid (NFL) behaviour with ρ ∼ T 5/3 and a quasi-logarithmic
increase of C/T with decreasing temperature. The T–x and T–B phase diagrams which separate
both regions were prepared for the investigated materials. Then, the experimental behaviour of
C/T and ρ(T ) were compared with predictions of the self-consistent renormalization (SCR) theory
of spin fluctuations. Within this approach, C/T (T ) was well described up to 20 K. The SCR
parameters y0, y1 and T0 inferred from specific heat analysis allowed to describe properly ρ(T )
up to approximately 5 K. In addition, the resistivity data were analysed within the ‘hidden Fermi
liquid’ theory of Anderson, obtaining very good descritption of the experimental behaviour up to
about 25 K. An anomalous increase of the C/T ratio already in the LFL region below 2 K in very
weak magnetic fields (0.2–0.3 T) was identified as caused by the Schottky anomaly induced by
ferromagnetic clusters embodied into the essentially paramagnetic materials.
PACS numbers: 75.30.Kz, 75.40.-s, 72.15.Gd, 71.10.Hf
I. INTRODUCTION
Almost to the end of the 20-th century the physical
properties of correlated metals at low temperatures were
successfully described within the phenomenological Lan-
dau’s theory of the Fermi liquid (LFL). The Fermi liq-
uid theory assumes existence of the one-to-one correspon-
dence between single particle excitations of a free electron
gas and those of interacting electrons. These excitations
which carry the same charge, momentum and spin as free
electrons are called quasiparticles. The correspondence
between the excitations spectra leads to similar behav-
ior of thermodynamic parameters such as the electronic
specific heat C/T = γ = const and the magnetic suscep-
tibility χ = const. The temperature dependence of the
resistivity is given by the formula ρ = ρ0+AT
2, where ρ0
is a residual resistivity.1 Since γ and χ are proportional to
the density of states at the Fermi energy, both of them are
proportional to an effective massm∗ of the quasiparticles.
The constant A in the resistivity formula is proportional
to (m∗)2. Therefore, a linear correlation between A and
γ2, found for a considerable group of different materials,
proves legitimacy of this approach.2 This correlation has
been recently improved for heavy fermion cerium and yt-
terbium compounds, taking into account a degeneracy of
the electronic 4f shell.3
Nevertheless, during the last years numerous systems
which show distinct deviations from the Landau’s Fermi
liquid phenomenology have been discovered. These sys-
tems are known as non-Fermi liquid (NFL) materials
or as the materials that show the non-Fermi liquid be-
haviour. Their anomalous properties are often charac-
terized by a continuous increase of the electronic spe-
cific heat coefficient γ with decreasing temperature, as
well as by distinct deviation from the T 2 temperature
dependence of the electrical resistivity.4 It appears that
these anomalous properties are very often observed in
the systems which are close to quantum phase transi-
tions (QPT), i.e. the phase transitions that take place at
zero temperature. In contradistinction to classical phase
transitions where thermal fluctuations are responsible for
the phase transformation, the quantum phase transitions
are driven by quantum fluctuations of an order param-
eter. Pressure, magnetic field or concentration of com-
ponents in heterogeneous materials are usually used to
tune the system to the region of QPT. The anomalous
properties usually cover a large part of the phase diagram
making possible their experimental detection and char-
acterization at higher temperatures.5 As in the case of
the classical phase transitions one can distinguish a first
order (discontinuous) and a second order (continuous)
transitions.
First of all, the investigations of the NFL properties
concentrated mostly on the heavy fermion materials in
the vicinity of the QPT between an antiferromagnetic
(AF) and a paramagnetic (PM) states. As the best stud-
ied examples one should mention CaCu6−xAux system
with x ' 0.1 where the pressure, the concentration of
components or the external magnetic field were applied
as tuning parameters6 and YbRh2Si2 which shows the
AF order with the Ne´el temperature of TN ' 70 mK but
can be tuned to the quantum critical point by a relatively
weak external magnetic field.7 Both systems at low tem-
peratures show the anomalous behaviour of the specific
heat C/T ∼ − log T and the resistivity % ∼ T over more
than a decade of temperature.
The important group of materials in which the mag-
netically ordered state can be tuned to the paramagnetic
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2state by variations of the pressure or the composition is
formed by weak itinerant ferromagnets. Among the nu-
merous investigated materials one can mention the prob-
ably most representative clean systems: MnSi,8 ZrZn2,
9
and NiAl3
10 as well as the systems with a quenched disor-
der: Ni1−xPdx,11 Zr1−xNbxZn2,12 and Ni3Al1−xGax.13.
The Sr1−xCaxRuO3 system, which is the subject of stud-
ies presented in this paper, can be included in the last
group. Recently, the results of investigations of the
metallic systems being on the border of itinerant mag-
netism and metallic paramagnetism were gathered and
discussed in the extensive review paper.14
The magnetic properties of the Sr1−xCaxRuO3 com-
pounds were already seriously investigated and a sig-
nificant number of publications have appeared up to
now.15–20 The system shows a complete solid solubility
for the entire range of concentrations. The increase of
the calcium concentration is connected with increase of
the orthorhombic GdFeO3 type distortion of the cubic
perovskite lattice leading to increased buckling of the
Ru–O–Ru bond which is probably responsible for the
magnetic behaviour.21 The pure strontium and calcium
compounds show distinctly different magnetic behaviour.
SrRuO3 is a metallic ferromagnet with the Curie tem-
perature TC ' 160 K, a paramagnetic Curie tempera-
ture Θp ' 160 K and a spontaneous magnetic moment
µs ' 0.84µB per Ru atom, the last one being rather
far from the expected magnetic moment of the Ru4+
ion with a 4d4 configuration in a low spin state with
S = 1.19 Substitution of Sr2+ ions by smaller Ca2+ leads
to the gradual decrease of the Curie temperatures and
simultaneously to decrease of the ruthenium magnetic
moments. For a long time there was common consent
that the ferromagnetic order disappears at some crit-
ical concentration near xcr ' 0.7 that was obtained
by an extrapolation of the concentration dependence of
TC(x) for the compounds on the strontium rich side. For
Sr0.4Ca0.6RuO3, classified still as a homogenous ferro-
magnet (for an explanation see below), TC ' 25 K and
µs ' 0.16µB per Ru atom. The temperature dependence
of the magnetic susceptibilities at high temperatures (ap-
proximately above 60–80 K), for all Sr1−xCaxRuO3 com-
pounds can be well described by the Curie-Weiss for-
mula. Nevertheless, drastic decrease of the paramagnetic
Curie temperatures Θp is observed which for materials
with x & 0.6 become negative. However, the paramag-
netic magnetic moments are relatively constant and show
only a minor increase from µeff ' 2.7µB in SrRuO3 to
above µeff ' 3.0µB for calcium rich materials. In spite
of the very large negative paramagnetic Curie temper-
ature Θp ' −150 K which could suggest the antifer-
romagnetic order and µeff ' 3.4µB at high tempera-
tures, CaRuO3 does not order magnetically.
18,19,22–24 It
was classified as a strongly exchange enhanced paramag-
net (Stoner enhancement factor α ' 0.97) on the border
of ferromagnetism.22 The magnetic investigations per-
formed in our Laboratory and shown in the Supplemen-
tal materials allow to conclude that the Sr1−xCaxRuO3
compounds with the calcium concentrations x > 0.8 are
essentially paramagnetic.
This short review shows that the magnetic properties
of Sr1−xCaxRuO3 cannot be described as ordering of the
magnetic moments localized at ruthenium atoms. They
show the distinct features of the itinerant magnetism and
the zero temperature transition around xcr ' 0.7 occurs
between the itinerant ferromagnet and the paramagnetic
metal.
Important information about the magnetic behaviour
of Sr1−xCaxRuO3 and especially about the concentration
tuned quantum phase transition were inferred from the
precise magnetisation measurements using a magneto-
optical Kerr rotation method for a thin epitaxial film
with practically continuous variation of the calcium
concentration.25 It has appeared that the strong crys-
tallographic distortion caused by different radii of the
Sr and Ca atoms leads to significant extension of the
ferromagnetic phase over a wide range of compositions
x which can be understood as caused by formation of
an inhomogenous ferromagnetic state built up of frozen
magnetic clusters embodied into the paramagnetic metal.
There is no any abrupt change of the Curie tempera-
ture on the T–x phase diagram, which means that the
composition tuned quantum transition between the fer-
romagnetic and paramagnetic phases in Sr1−xCaxRuO3
is smeared and practically destroyed by the strong crys-
tallographic disorder. It means that instead of a single
critical concentration xcr ' 0.7 there exists rather a crit-
ical range of concentrations within which the transition
takes place. In the following parts of the text we some-
times use a notion ‘critical concentration of the phase
transition’ (usually written in the quotation mark), nev-
ertheless, one should always understand it as a critical
range of concentrations.
In order to finish this short review of the magnetic
properties of Sr1−xCaxRuO3 perovskites one should also
consider the results of the investigations using different
microscopic methods like muon spin rotation (µSR),26,27
16O and 99Ru nuclear magnetic resonances (NMR)18,22
and neutron scattering (NS).28
A very important piece of information provided by the
µSR experiments concerns the existence of a phase sep-
aration in Sr1−xCaxRuO3 for compositions with the cal-
cium concentration x ≥ 0.65, just around the recently
discussed ‘critical concentration’ at xcr ' 0.7. The com-
pounds in this range of concentrations are magnetically
inhomogenous and contain both ferromagnetic and para-
magnetic fractions. This result is in agreement with
the suggestion of the inhomogenous magnetic state in-
ferred from the thin film magnetisation measurements.25
Both NMR and NS are sensitive to the dynamics of the
magnetic moments. The NMR investigations allowed to
discover very strong ferromagnetic spin fluctuations for
Sr1−xCaxRuO3 compounds in the whole range of calcium
concentrations including pure CaRuO3, in spite of the
large negative paramagnetic Curie temperature in this
compound.18 The spin fluctuations in CaRuO3 were also
3discovered by the inelastic neutron scattering.28 In ad-
dition, detailed analysis of the neutron scattering pro-
file suggests ‘the formation of small ferromagnetic do-
mains, behaving as dynamic paramagnetic clusters of
Ru4+ spins’.
An important difference between strontium and cal-
cium compounds concerns not only the magnetic be-
haviour but also their thermodynamic and transport
properties. SrRuO3 demonstrates the LFL behaviour
with ρ ∼ T 2 at low temperatures29,30 and C/T = const
with the enhanced electronic specific heat coefficient
γ ' 30 mJ/molK2.16,30–33 The LFL properties are pre-
served after substitution of Sr2+ ions by Ca2+ at least
to the calcium concentration x ' 0.6, that means for
samples which are ferromagnetically ordered.30 However,
the paramagnetic samples with the calcium concentra-
tion above approximately x = 0.8 demonstrate the NFL
properties characterized by a temperature dependence of
the resistivity different from T 2 and often anomalous be-
haviour of C/T at low temperatures.30,32 The most fre-
quently investigated pure CaRuO3 shows NFL features
both in the resistivity and the specific heat. The re-
sults of the resistivity measurements performed on single
crystals, thin films and polycrystalline samples above 2
K point to the temperature dependence ρ ∼ T 3/2.29,30,34
Only recently, the LFL state was found in CaRuO3 be-
low 1.5 K with recovery of the anomalous behaviour at
higher temperatures.35 The results of the specific heat
measurements of CaRuO3 demonstrate at low temper-
atures a wide variety of behaviour. Some investigations
show only the LFL properties and the specific heat is well
described by the linear electronic contribution and a lat-
tice contribution given by the Debye model.16,36,37 The
other investigations show the anomalous NFL upturn of
C/T at low temperatures which was analysed within the
spin-fluctuation theory of Moriya (see below),32 the up-
turn with some mysterious and magnetic field depen-
dent structure around 2 K,33 and the upturn with the
power law temperature dependence down to 100 mK.38
Recently, the continuous increase of C/T with decreas-
ing temperature was reported down to 1.8 K, neverthe-
less, without any theoretical analysis of C/T for materials
with x ≥ 0.7.20
Simultaneously with the experimental investigations
theoretical methods which could allow to understand and
describe the deviations from the Landau Fermi liquid
behaviour were developed. Since these anomalous be-
haviours often take place close to the zero temperature
phase transitions which are caused by strong quantum
fluctuations of the order parameter it suggests that their
theoretical description should be connected with the the-
ory of the quantum phase transitions. The first theo-
retical analysis of the zero temperature phase transition
from the itinerant ferromagnet to the paramagnetic metal
was performed within the φ4 quantum field theory with
the Ginzburg-Landau-Wilson functional which was anal-
ysed by the renormalization group (RG) method.40 It
was found that the quantum phase transition for a sys-
tem with a spatial dimension d can be analysed as classi-
cal transition for the system with the effective dimension
deff = d + z, where z is a dynamic critical exponent.
In the next step, the theoretical investigations within
this framework were extended to higher temperatures
and allowed to make predictions about the temperature
behaviour of different physical parameters in the critical
region for the materials which show FM and AFM orders
and of different spatial dimensionality.41 For example, for
the transition between the 3-dimensional itinerant ferro-
magnet and paramagnetic metal the heat capacity should
scale as C/T ∼ − log T and the temperature dependence
of the resistivity should behave as ρ(T ) ∼ T 5/3. Indepen-
dently, another theoretical approach used to describe the
properties of the itinerant magnets close to the border of
the magnetic instability was developed .42 This approach
stresses importance of the spin fluctuations both in nearly
magnetic and magnetically ordered FM43,46 or AFM47
states. The theory, called the self-consistent renormal-
ization (SCR) theory of spin fluctuations, predicts the
phase diagrams and the temperature variation of many
physical parameters including the magnetic susceptibil-
ity, specific heat and electrical resistivity. The same kind
of the spin fluctuation theory was independently devel-
oped by another authors.44 The results of the theoretical
investigations in the critical region of the magnetic in-
stabilities were gathered in the already quoted extended
review article.4
Here we report the results of the zero field and mag-
netic field tuned specific heat and electrical resistivity
investigations of Sr1−xCaxRuO3 compounds which are
in the paramagnetic phase above the zero temperature
phase transformation. Since in the region around the dis-
cussed ‘critical concentration’ (x ' 0.7) the compounds
are magnetically inhomogenous we confined the studies
to the materials with the compositions x = 0.8, 0.9, and
1.0. They are still quite close to the region of concentra-
tions where the ferromagnetic to paramagnetic transfor-
mation takes place at zero temperature but simultane-
ously they are homogenously paramagnetic. The conclu-
sion about their paramagnetic behaviour can be drawn
from the results of the bulk magnetic measurements pre-
sented in Supplemental materials where the results of
investigations performed for the compounds within the
extended range of compositions from x = 0.60 up to
x = 1.0 are reported. They prove that in general the ma-
terials with the calcium concentration x ≥ 0.8 are para-
magnetic, at least down to 2 K.49 These do not exclude
a possible existance of a small amount of ferromagnetic
clusters which can strongly influence the magnetic prop-
erties at low temperatures. Since no any irregularities in
the temperature dependences of the specific heat down
to 0.4 K and the electrical resistivity down to approx-
imately 0.7 K were detected it seems that they do not
show any magnetic order to much lower temperatures.
The essentially paramagnetic behaviour of the x = 0.8
sample is also strongly supported by the results of a 99Ru
Mo¨ssbauer effect investigations which are shown in the
4Supplemental materials.
The experimental results were analysed in a few ways.
First of all, the Fermi liquid region was identified us-
ing C/T and ρ(T) behaviour and the phase diagrams on
the T–x and T–B planes were prepared, which demon-
strate the regions of FL and NFL properties. Then, the
results of C/T and ρ(T ) were compared with the predic-
tions of the Moriya’s SCR theory of spin fluctuations42,46
and with the ‘hidden Fermi liquid’ theory of Anderson.48
At the end, we provide a summary of the experimental
results and present the conclusions inferred from their
analysis.
II. EXPERIMENTAL DETAILS
The polycrystalline Sr1−xCaxRuO3 compounds with
a few calcium concentrations between x = 0.60 and 1.0
were prepared by the solid state reaction from weighted in
a proper molar ratios RuO2, SrCO3 and CaCO3. First of
all, mixed and pressed powders were calcined for several
hours at 800◦C. Then, after grinding, they were pressed
into pellets under high pressure and sintered at high tem-
peratures for approximately 15 hours. The compounds
with the calcium concentrations between x = 0.60 and
0.80 were sintered at 1300◦C and the grinding procedure
was repeated several times (at least 3 times). The ma-
terials with x = 0.9 and 1.0 were sintered in sequence at
1000◦C, 1100◦C and 3 times at 1200◦C. All heat treat-
ments were performed in the atmosphere of flowing Ar
+ 1%O2. After sintering the samples were cooled down
with the furnace.
The crystal structures of the prepared materials were
verified by the X-ray diffraction using the Cu Kα ra-
diation and D501 Siemens powder diffractometer. The
diffraction patterns were analysed using the FULLPROF
program within the Pnma space group, which describes
the perovskite structure with orthorhombic distortion of
the GdFeO3 type. It was found that all synthetized ma-
terials were single phase.
Due to the observation of the smeared zero tempera-
ture ferromagnetic to paramagnetic phase transition and
the inhomogenous magnetic state in the critical region
discovered by the µSR measurements25,26 the investiga-
tions of the bulk magnetic properties were used to select
materials which being close to the region of the phase
transformation were still paramagnetic. The magnetiza-
tion measurements for the compounds within the con-
centration range from x = 0.6 up to 1.0 were performed
using MPMS XL5 SQUID magnetometer from Quantum
Design including low field susceptibility (B ' 5 mT),
ac susceptibility, hysteresis loop at 2 K and study of the
magnetic equation of state (Arrott plot). These measure-
ments allowed to conclude that the compounds with the
calcium concentrations x ≥ 0.8 are essentially paramag-
netic, at least down to 2 K. The results of these investiga-
tions are presented in the Supplemental materials. The
Supplemental materials contain also the results of 99Ru
Mo¨ssbauer effect investigations of the compounds with
compositions x = 0.6 and 0.8. They confirm the param-
agnetism of the x = 0.8 compounds (at least down to 4.2
K) and the homogenous ferromagnetism of the x = 0.6
material where homogenous means that all ruthenium
magnetic moments take part in the ferromagnetic order-
ing. Taking into account the results of all these investiga-
tions, Sr1−xCaxRuO3 compounds with the compositions
x = 0.8, 0.9, and 1.0 were selected for further studies of
the thermodynamic and transport properties.
The specific heat and the electrical resistivity measure-
ments were performed using the PPMS equipment from
Quantum Design with the 3He option and 9 T super-
conducting magnet. This equipment in our case allowed
to carry out the specific heat measurements with the re-
quired accuracy in the range of temperatures down to
0.4 K in the external magnetic fields up to 3 T. The
Apiezon N grease was used to fix the samples in the mi-
crocalorimeter. Its heat capacity was measured for each
sample at each magnetic field, and then subtracted. The
smooth calibration of microcalorimeter thermometers oc-
cured to be very important to obtain reproducible and
smooth specific heat dependences.
The dc current option of the the resistivity measure-
ments allowed to perform the measurements down to 0.6–
0.7 K in the full range of the accessible magnetic fields.
III. EXPERIMENTAL RESULTS AND
ANALYSIS
In this section, the results of the investigation of the
specific heat and the electrical resistivity are presented.
In the first part, the zero field measurements are shown
and used to prepare a phase diagram which separates on
the T–x plane the regions of FM, LFL and NFL proper-
ties. The LFL region was defined by the Landau Fermi
liquid temperature TLFL derived from the upper limit
of C/T = const behaviour in the specific heat and from
the upper limit of the ρ ∼ T 2 temperature dependence
of the resistivity. Then, the phase diagrams on the T–
B plane for all the investigated compounds are prepared
from the results of the specific heat and resistivity mea-
surements in the external magnetic field. Since the dc
current method of the resistivity measurements used in
our PPMS system has not enough accuracy to identify
without any doubt the upper limit of ρ ∼ T 2 dependence
below approximately 2 K (an exception is the ρ(T ) de-
pendence in CaRuO3 at zero field) in this range of tem-
peratures only the results of the specific heat measure-
ments were used to identify the LFL properties. On the
contrary, in the external magnetic fields above 3 T when
the LFL region growth to much higher temperatures the
TLFL temperature can be determined from the results
of the resistivity measurements. In the NFL region the
specific heat follows the quasi-logarithmic behaviour and
the electrical resistivity was analysed using the ρ ∼ T 5/3
relation.
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FIG. 2: (Color online) Temperature dependencies of elec-
trical resistivity for CaRuO3 (a) and for Sr0.2Ca0.8RuO3 (b).
The solid lines were fitted using T 2 and T 5/3 laws, respec-
tively.
A. Zero field specific heat and resistivity
The temperature behaviour of the specific heat pre-
sented as C/T versus log T for the compounds with the
calcium concentrations x = 0.6, 0.8, 0.9, and 1.0 is shown
in Fig. 1. At first, one can directly confirm that the
ground states of Sr0.1Ca0.9RuO3 and CaRuO3 are the
Landau Fermi liquids. In both materials the C/T =
const behaviour extends above 1 K. Identification of the
LFL ground state in CaRuO3 below TLFL = 1.60(15) K
is in good agreement with the recently published results
of the resistivity measurements TLFL = 1.5 K
35 and
with the results of our transport investigations which
give TLFL = 1.6(2) K (see below). The temperature
dependence of specific heat for Sr0.2Ca0.8RuO3 is dis-
tinctly different and C/T increases to the lowest accessi-
ble temperature. The reason of this anomalous increase
will be discussed in one of the following sections. How-
ever, one cannot exclude a recovery of the LFL state at
lower temperatures (see the results of the specific heat
measurements in external magnetic fields shown in the
next section), nevertheless, it could appear only below
approximately 0.5 K. For comparison, we present also the
results of the specific heat measurements for the x = 0.6
sample which is the homogenous ferromagnet and shows
the LFL properties.26,30
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FIG. 3: T -x phase diagram for Sr1−xCaxRuO3 with regions
of ferromagnetic (FM), Landau Fermi liquid (LFL) and non-
Fermi liquid (NFL) behaviour.
The conclusions inferred from the temperature vari-
ations of the specific heat are corroborated by the re-
sults of the electrical resistivity measurements. In Fig. 2
the zero field of ρ(T ) dependence for CaRuO3 and
Sr0.2Ca0.8RuO3 are shown. For CaRuO3 is well described
by the ρ(T ) = ρ0 + a2T
2 formula. This formula fitted to
experimental points below 1.6 K is in Fig. 2a extended to
higher temperatures to show deviation from the T 2 law
above 1.6 K. The temperature dependence of the resis-
tivity for Sr0.2Ca0.8RuO3, shown in Fig. 2b, can be well
analysed using the NFL formula ρ(T ) = ρ0 + a5/3T
5/3
to the lowest accessible in our experiment temperature
of 0.7 K.
The experimental results allow to prepare the phase
diagram on the T–x plane which indicates FM (for sim-
plicity only the values of TC for the compounds with the
calcium concentrations x = 0.4, 0.5 and 0.6 are shown),
LFL and NFL phases (Fig. 3).
B. Specific heat and resistivity in external
magnetic field
The specific heat behaviour in different external mag-
netic fields, presented as C/T on the half-logarithmic
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FIG. 4: (Color online) Temperature dependence of specific
heat C measured at different magnetic fields for CaRuO3,
Sr0.1Ca0.9RuO3, and Sr0.2Ca0.8RuO3. The solid red lines in-
dicate the regions of LFL behaviour. Inset: Magnetic field
dependence of C for CaRuO3 at 0.5 K.
temperature scale, are shown for all investigated com-
pounds in Fig. 4. At first, one should notice as a general
feature that the most distinct increase of C/T depen-
dence to the lowest accessible temperatures take place
not in zero but in very weak critical magnetic fields which
amount to approximately B0 ' 0.27(2) T in CaRuO3 and
Sr0.1Ca0.9RuO3 and B0 ' 0.20(2) T in Sr0.2Ca0.8RuO3.
The values of these critical fields could be identified from
the magnetic field dependence of C/T at 0.5 K which
have the distinct maxima at B0 shown for the x = 1.0
compound in the insert in Fig. 4. In the magnetic fields
which are lower (in our case it is only B = 0) or higher
than these critical values the LFL properties are well
seen and one can notice a gradual increase of the re-
gions of the Fermi liquid behaviour with increasing field.
In Sr0.2Ca0.8RuO3 the temperature dependence of C/T
shows the distinct increase to the lowest temperatures in
the field of 0.2 T. These anomalous increase of the C/T
ratio in the weak magnetic fields are discussed separately.
The values of TLFL derived from the upper limit of
the C/T = const behaviour were used to prepare the low
temperature part of the phase diagrams which separate
regions with LFL and NFL behaviour on the T–B plane
(Fig. 7). The numerical values of TLFL are gathered in
Table I in the Supplemental materials.
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of 0.003 and 0.002 mΩ·cm, respectively. Solid lines were fitted
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The distinct NFL properties above TLFL and the grad-
ual increase of the range of LFL behaviour in higher fields
are corroborated by the results of the resistivity mea-
surements. The temperature evolution of the electrical
resistivity for CaRuO3 and Sr0.2Ca0.8RuO3 are shown in
Fig. 5 and 6. It can be notice that at low temperatures
7the resistivity for each compound demonstrate the LFL
temperature dependence (Fig. 5a and 5b). The least-
squares analysis using the formula ρ(T ) = ρ0+a2T
2 allow
to determine the residual resistivity ρ0, the field depen-
dent a2(B) coefficients and to derive the TLFL temper-
atures from the upper limit of T 2 behaviour. As it was
already mentioned, because of the limited accuracy of our
measurements such analysis can only be performed when
TLFL values exceed approximately 2 K. Fortunately, in
the strong magnetic fields range of the Fermi liquid be-
haviour distinctly grows up and even exceeds 8 K for
the x = 0.8 compound in the field of 9 T. The values of
TLFL derived from the resistivity measurements estab-
lish the high temperature part of the LFL/NFL phase
diagram shown in Fig. 7. In Fig. 8 it was proved that the
variation of a2(B) coefficients with the magnetic fields
obtained from the data for B ≥ 3 T fulfil the relation
a2(B) ∼ (B − B0)−1.50 All numerical values of ρ0, a2
and TLFL are collected in Table II in the Supplemental
material.
As in the zero magnetic field, above the Landau Fermi
liquid temperatures TLFL all investigated materials show
the NFL behaviour characterized by the increase of C/T
with decreasing temperature and T 5/3 dependence of the
electrical resistivity. The temperature variations of ρ(T )
for CaRuO3 and Sr0.2Ca0.8RuO3 in different magnetic
fields are shown in Fig. 6a and 6b. The continuous
lines represent the results of the least-squares analysis
using the formula ρ(T ) = ρ∗0 + a5/3T
5/3. One can note
that in the fields B0 (or close to B0) the NFL relation
ρ(T ) ∼ T 5/3 very well describe the experimental data in
all investigated compounds to the lowest accessible tem-
peratures. It should be also remarked that at or close to
B0 this NFL formula very well describe the experimental
data over one decade of temperature. The numerical val-
ues of the fitted parameters (ρ∗0 and a5/3 as well as the
ranges of application of this description which are shown
in some drawings by arrows, are given for CaRuO3 and
Sr0.2Ca0.8RuO3 in Table II in the Supplemental materi-
als.
IV. COMPARISON WITH THEORETICAL
MODELS. DISCUSSION.
In part A of this section, the experimental results of
the specific heat and electrical resistivity are compared
with predictions of the Moriya’s self-consistent renormal-
ization theory (SCR) of spin fluctuations.42,46 The C/T
temperature dependences with subtracted lattice contri-
butions (C/T )lat were least-squares fitted using the ap-
propriate SCR formulas for the 3-dimensional ferromag-
netic materials46 and the phenomenological parameters
which characterize the spectrum of spin fluctuations were
determined. Then, these parameters were used to anal-
yse the temperature dependence of the resistivity ρ(T ).
More details about the whole procedure are given in the
appropriate subsection. The procedure of the calculation
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FIG. 7: T -B phase diagrams of Sr1−xCaxRuO3 for x = 0.8,
0.9, and 1.0 with the regions of Landau Fermi liquid (LFL)
and non-Fermi liquid (NFL) regions. Points were obtained
from analyses of resistivity data (dots) and specific heat
(crosses). Solid lines are drawn to guide the eye.
of the lattice contribution (C/T )lat is also discussed. In
part B, the temperature dependences of the electrical re-
sistivity for all investigated compounds and in all applied
magnetic fields were analysed within the ‘hidden Fermi
liquid’ theory of Anderson.48
A. Specific heat and resistivity within the SCR
theory of spin fluctuations
At the beginning, the self-consistent renormalization
(SCR) theory of spin fluctuations developed mostly
by Moriya has been successfully applied to describe
the magnetic and thermodynamics properties of the
nearly and weakly ferro- and antiferromagnetic metal-
lic systems.42,43 Then, this theoretical approach was ex-
tended to analyse the non-Fermi liquid behaviour of the
specific heat and electrical resistivity of the antiferromag-
netic heavy electron systems in the region of enhanced
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2 law of the resistivity, de-
termined for Sr1−xCaxRuO3 for x = 0.8, 0.9, and 1.0 in the
Landau Fermi liquid phase.
spin-fluctuations near the magnetic instability.47 In par-
ticular, the temperature dependence the specific heat and
electrical resistivity were calculated and compare with
the experimental data.45,47 Simultaneously, the theory
was applied in the analysis of the anomalous non-Fermi
liquid behaviour of the specific heat close to the mag-
netic instability in the itinerant ferromagnets and to de-
tailed discussion of the crossover between LFL and NFL
properties.46
In the SCR theory of spin fluctuations the imagi-
nary part of the low frequency ω and long wave-length
q-dependent dynamic magnetic susceptibility χ(ω, q) is
parametrized by two energy scales T0 and TA which char-
acterize the energy width of the spin fluctuation spec-
trum and the dispersion of the wave-vector dependent
static susceptibility in the q-space, respectively. In addi-
tion, two dimensionless parameters were introduced: y0
which is a zero temperature inverse magnetic suscepti-
bility and measures the proximity to the magnetic in-
stability and y1 which reflects the strength of the cou-
pling between the fluctuations with different wave-vector
(mode-mode coupling). These four phenomenological pa-
rameters which can be experimentally determined from
the bulk magnetic and neutron scattering experiments
allow within the SCR theory to analyse the magnetic,
thermodynamic and transport properties. All physical
quantities can be derived from the reduced inverse mag-
netic susceptibility y = 1/(TAχQ(0)) (Q is the antiferro-
magnetic order wave-vector, for the ferromagnet Q = 0)
which can be determined by solution of the following in-
tegral self-consistent equation
y = y0 +
3
2
y1
∫ 1
0
dx x3
[
lnu− 1
2u
− ψ(u)
]
(1)
where
u =
x(y + x2)
t
, t = T/T0, (1a)
and ψ(u) denotes the digamma function.
The temperature dependence of the molar specific heat
caused by excitations of the spin fluctuations is given by
the formula46
Cm = 9N0kB
∫ 1
0
dx x2
{[
u2 − 2uxdy
dx
+ x2
(
dy
dx
)2]
·
[
− 1
u
− 1
2u2
− ψ′(u)
]
− txd
2y
dt2
[
lnu− 1
2u
− ψ(u)
]}
(2)
where N0 is the Avogadro number, kB is the Boltzmann
constant, ψ′(u) denotes the trigamma function and the
other parameters have the same meaning as in Eq. (1).
The low temperature limit of Eq. (2) has the form
Cm
T
=
3N0kB
4T0
[
ln
(
1 +
1
y0
)
− 2t
2
5y30
ln
(y0
t
)
+O(t2)
]
, for y0 > 0,
(2a)
with the saturation value at zero temperature
(3N0kB/4T0) ln(1 + 1/y0). The temperature de-
pendence at the critical phase boundary is described by
the formula
Cm
T
=
N0kB
2T0
ln(1/t), for y0 = 0. (2b)
This logarithmic behaviour should be observed at low
temperatures close to the magnetic instability.
The temperature dependence of the electrical resistiv-
ity for the 3-dimensional metal caused by scattering of
conduction electrons by the ferromagnetic SF is given,
within the SCR theory, by the formula42
R(T ) = rR¯(T ), (3)
where the temperature independent coefficient r allows
to distinguish between FM and AFM metals. The whole
temperature dependence is contained in the R¯(T ) factor
which in the case of 3-dimensional ferromagnetic metal
has the form
R¯(T ) = 3
∫ 1
0
dx x4
[
−1− 1
2u
+ uψ′(u)
]
. (4)
As in the case of the specific heat calculations the re-
duced magnetic susceptibility y has to be numerically
calculated from Eq. (1). At the very low temperatures
the resistivity is described by the LFL formula ρ ∼ T 2
and at the critical boundary (y0 = 0) and in the NFL
region one gets42
R¯(T ) = 0.9385 t5/3. (4a)
Our experimental specific heat and electrical resistivity
of Sr1−xCaxRuO3 qualitatively follow the theoretical pre-
dictions. At low temperatures the specific heat show in
general the C/T = const behaviour characteristic for the
9Fermi liquid and at higher temperatures a monotonous
pseudo-logarithmic decrease of C/T with increasing tem-
perature is observed. The qualitative agreement with the
theoretical predictions appears also for the experimental
results of the electrical resistivity. At low temperatures
characteristic for the LFL ρ ∼ T 2 behaviour is observed
whereas above TLFL the NFL variation ρ(T ) ∼ T 5/3 is
observed.
In the quantitative analysis one should take into ac-
count that the total experimentally determined specific
heat is the sum of several contributions
C
T
= γ0 +
Cm
T
+
Clat
T
, (5)
where except the spin fluctuations part Cm, Clat denotes
the lattice contribution and γ0 represents the electronic
specific heat coefficient which results from the finite den-
sity of states at the Fermi energy.
The numerical analysis of the specific heat within the
SCR theory should in principle give a proper description
of the C/T behaviour and allow to determine the phe-
nomenological SCR parameters y0, y1 and T0 was rather
complicated and will be described in the following in a
few steps. At the beginning of the discussion we concen-
trate on pure CaRuO3 in zero magnetic field where the
situation is the most clear. Then, the analysis is extended
to specific heat behaviour in external magnetic field and
for solid solutions with different strontium concentration.
Since the NFL anomaly in the temperature dependence
of the specific heat is very small (increase of C/T ratio
below 10 K is below 10 mJ mol−1K−2) it is very im-
portant to get independently the reliable temperature
dependence of the lattice contribution. The lattice con-
tribution for CaRuO3 used in calculations in this work
was obtained from the experimentally determined spe-
cific heat of CaRhO3 scaled by the procedure proposed in
Ref. 54. CaRhO3 is a metallic paramagnet at least down
to 2 K. The temperature dependence of C/T below 20
K does not show any anomalies and can be described as
a sum of the electronic and lattice contributions.51 The
experimental data presented as C/T vs T 2 are shown
in Fig. 9. This behaviour was parametrized using the
Debye and Einstein models of the lattice specific heat.
Such parametrization of Clat should be very useful in
the analysis of the lattice contributions in the solid solu-
tions where the calcium atoms are replaced by the heavier
strontium and no suitable analogs with rhodium com-
pounds exist.
The detailed numerical analysis of the CaRhO3 spe-
cific heat proves the linear variation of C/T vs T 2 be-
low approximately 10 K and in this range of tempera-
tures the Debye model is enough to describe the specific
heat behaviour and the linear fit allows to determine the
Debye temperature ΘD (Fig. 9, inset). To get a satis-
factory description of Clat above 10 K one has to add
a small additional contribution which reflects an excita-
tion of optical phonons and is taken into account within
the Einstein model of the specific heat. It was found
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lattice contribution C−Clat for CaRuO3 and Sr0.2Ca0.8RuO3
at different magnetic fields. The solid lines were fitted using
the SCR model of spin flactuations (see text).
that one frequency parametrized as an Einstein temper-
ature ΘE is enough to get the very good description of
Clat in the range of temperatures up to 20 K. The fitted
function which contains both contributions is shown as a
continuous line in the main panel of Fig. 9. The follow-
ing values of the parameters were determined from the
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least-squares analysis: ΘD = 530(3) K, ΘE = 117(3) K
and γ0(CaRhO3) = 21.3(1) mJ·mol−1·K−2. The amount
of the Einstein contribution to the total specific heat
is approximately 1.3%. After the atoms mass scal-
ing to CaRuO3 the characteristic temperatures amount
ΘD = 533.0 K and ΘE = 117.8 K. As a final important
remark concerning the lattice specific heat one should
notice that Clat is completely negligible below approxi-
mately 2.2 K, so below this temperature the experimental
specific heat contains only the electronic and the spin-
fluctuations contributions.
After subtraction of the lattice contribution, the spe-
cific heat depends on four parameters: the electronic con-
tribution γ0 and the three parameters which describe the
spin-fluctuation contribution within the SCR Moriya’s
theory: y0, y1 and T0. In principle, these parame-
ters could be determined simultaneously using the least-
squares fitting procedure. Nevertheless, a correlation
between the parameters in connection with the rather
smooth experimental C/T curves make the least-squares
calculations very unstable, for example it is difficult to
obtain expected smooth variation of fitted parameters
with increasing magnetic field. More reliable analysis of
the C/T behaviour needs reduction of the number of in-
dependently varied parameters. The procedure which we
used is described below. As in the case of determination
of Clat, the discussion concentrates on pure CaRuO3 in
zero field and the rules are later applied in the analysis
of the specific heat for the other compounds in different
magnetic fields.
First of all, the electronic contribution γ0 was deter-
mined independently and constrained in the further min-
imization procedure. It was calculated by the analysis of
the lowest part of the C/T dependence taking into ac-
count a correction to the description within the Landau
Fermi liquid theory caused by the spin-fluctuations. The
suitable formula which contains the −T 3 log T contribu-
tion to the specific heat, was obtained within the para-
magnon theory by many authors (they are mentioned in
the quoted reference) and the most convenient form for
our purpose is given as52
C
T
= γ0
[
m∗
m
+ α0
(
T
Tsf
)2
ln
(
T
Tsf
)]
(6)
wherem∗/m denotes the mass enhancement factor, Tsf is
the spin-fluctuation temperature and α0 can be expressed
by the Stoner enhancement factor.
This formula well describes the C/T ratio even in the
wide range of temperatures but the values of α0 and Tsf
strongly depend on the temperature range taken into ac-
count in the minimization procedure. Nevertheless, γ0
and m∗/m which are varied as independent parameters
do not vary much and for CaRuO3 in zero magnetic
field γ0 ' 10.0(2) mJ·mol−1·K−2 and m∗/m ' 7.9(2).
Since the temperature dependent factor in formula (6)
disappears at zero temperature, the product γ0(m
∗/m) is
equal to the C/T ratio extrapolated to zero Kelvins which
for CaRuO3 at zero field amounts to ' 79.3 mJ/molK2.
The values of γ0 and m
∗/m can be compared with the
theoretical predictions. Theoretically calculated value of
the electronic contribution was reported to be equal to
γ0 ' 9.54 mJ/molK2.22 In addition, the detailed theo-
retical calculations of the electronic structure of SrRuO3
and CaRuO3 were recently reported.
53 Since the values
of the mass enhancement factors were calculated for dif-
ferent values of an effective onsite interactions U and a
Hund’s couplings J , it is not possible to have a direct
comparison with the result of our analysis. Neverthe-
less, our m∗/m ' 7.9(2) is in the range of the calculated
values in some regions of U and J parameters.
Finally, in the first step of the analysis the relation
between the spin-fluctuations contribution to the spe-
cific heat and the Moriya’s parameters at zero kelvins:
(Cm/T )T=0 = (3N0kB/4T0) ln(1+1/y0) was used. Since
(Cm/T + γ0) can be directly determined from the ex-
perimental data as the average values of C/T in the flat
LFL region and with known electronic contribution γ0
one can express T0 by y0 and use only two parameters
as independent variables in the least-squares analysis: y0
and y1. In the last step, when the values of y0, y1 and
T0 were in the proper region of the parameters space, all
3 SCR parameters were allowed to vary giving the final
solution.
Since the described analysis of the electronic and lat-
tice contributions concerned only CaRuO3 at zero mag-
netic field one has to transfer some rules of analysis to
compounds with different compositions and in the differ-
ent external magnetic fields.
In order to analyse the specific heat behaviour in dif-
ferent magnetic fields it was assumed that the electronic
and the lattice contributions do not vary with field. The
field independence of Clat can be inferred from the ob-
servation that the experimental C/T values above 15 K
where the lattice contribution is dominant over the elec-
tronic and spin-fluctuations contributions practically do
not depend on the magnetic field. Then, the zero tem-
perature values of C/T which are given by the product
γ0(m
∗/m) (see Eq. (6)) do not depend strongly on the
magnetic field which means that one should not expect
any serious variation of the electronic contribution with
field. Indeed, the least-squares analysis of the low tem-
perature C/T behaviours using Eq. (6) shows for each
composition practically field independent values of γ0.
All of that means that at low temperatures mostly the
spin-fluctuations contribution is responsible for the ob-
served variation of the specific heat with field.
As concerns the analysis of the specific heat for com-
pounds with different calcium concentration, the zero
field C/T behaviour shown in Fig. 1 announces serious
differences in the lattice contributions. Since as it was
already mentioned it would be not convenient to deter-
mine simultaneously all parameters which determine the
electronic, lattice and spin-fluctuations contributions the
analysis was performed in a few steps. At first, the last-
squares analysis of the low temperature behaviour us-
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ing Eq. (6) shows for each composition practically the
same values of γ0 ' 10.0(2) mJ/molK2. Then, observa-
tion that up to approximately 10 K the lattice dynamics
is well described by the Debye model, the Debye tem-
perature ΘD with the SCR parameters and constrained
(C/T )T=0 was calculated by the least-squares analysis of
the C/T at low temperatures. In the last step, y0, y1
(T0 calculated from constrained (C/T )T=0) and two ad-
ditional Clat parameters (the Einstein temperature ΘE
and the Einstein contribution to the total specific heat)
were calculated with constrained γ0 and ΘD from the all
experimental points up to 20 K. The calculations were
were performed for the C/T temperature dependences
for x = 0.9 and 0.8 materials in the field 1 T, which
show already well developed LFL region. Finally, it was
assumed that as in the case of CaRuO3 for the mixed
compounds Clat and γ0 do not depend on the magnetic
field.
As a rule, only the C/T functions with subtracted
lattice contributions were least-squares fitted within the
SCR model using Eq. (2). The dimensionless inversed
magnetic susceptibility y(T ) was obtained by numerical
solution of Eq. (1) in a self-consistent way. The results of
these calculations for CaRuO3 and Sr0.2Ca0.8RuO3 are
shown by the continuous lines in Fig. 10. In general,
quite good agreement between the experimental data and
the theoretical curves was obtained for C/T behaviour at
B = 0 (except of x = 0.2 sample) and fields B ≥ 0.5 T.
The results for Sr0.1Ca0.9RuO3 in majority place between
results for x = 0.8 and 1.0 compounds. The field depen-
dences of the obtained SCR parameters for different com-
pounds and different magnetic fields are shown in Fig. 13.
The numerical values of y0, y1 and T0 were gathered in
Table I in the Supplemental materials.
Temperature dependences of the specific heat for all
materials in weak external magnetic fields (0.2–0.3 T)
where the C/T ratio increases to the lowest accessible
temperatures need some additional discussion. It was
found that the increase in C/T values as a function of
temperature and the maxima in their field dependence
can be well descried as a Schottky anomaly caused by the
ferromagnetic clusters which in the external (or internal
for x = 0.2 sample in B = 0) field behave as a two level
system. The possibility of the existence of small mag-
netic clusters which can form at low temperatures the
cluster glass state can be inferred from the results of the
bulk magnetic measurements (difference between FC and
ZFC susceptibilities in the weak magnetic fields and the
hysteresis loop at 2 K) as well as from information deliv-
ered by the magnetic transition measurements25 and the
inelastic neutron scattering.53 This cluster glass picture
allowed for the quantitative description of the C/T be-
haviour as a function of temperature and magnetic field
below approximately 2 K.
In addition, the temperature dependences of the elec-
trical resistivity for all investigated compounds in differ-
ent magnetic fields were analysed within the SCR spin
fluctuations theory using the formulas (3) and (4). As
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FIG. 11: (Color online) Resistivity of a) CaRuO3 and b)
Sr0.2Ca0.8RuO3 measured at different magnetic fields. The
curves in a) and b) are shifted by a multiplication of 0.0005
mΩ·cm for clarity. The solid lines were fitted using the SCR
model of spin flactuations.
in the case of the specific heat analysis the dimensionless
inverse magnetic susceptibility y(T ) was calculated from
Eq. (1). Only the r parameter and the residual resistiv-
ity ρ0 (not included in Eq. (3)) were chosen as the vari-
able parameters in the least-squares procedure whereas
the values of the SCR parameters y0, y1 and T0 were con-
strained to those obtained from the specific heat analysis.
The results of these calculations are shown by the con-
tinuous lines in Fig. 11. The analysis shows that quite
good agreement between the experimental data and the-
oretical description can be obtained up to approximately
5 K.
B. Resistivity and the ‘hidden Fermi liquid’ theory
of Anderson
A different approach to the problem of NFL behaviour
of the electrical resistivity in strongly correlated systems
was developed by P. W. Anderson.48 The aim of his ‘hid-
den Fermi liquid’ (HFL) theory was the explanation of
the anomalous electron transport in the normal state of
the high-TC cuprate superconductors where the electri-
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cal resistivity varies from the linear T dependence in the
optimally doped region to the LFL behaviour in the over-
doped region. In the HFL theory the temperature de-
pendence of the electrical resistivity is described by the
following formula
ρ(T ) = ρ0 + aA
T 2
T +WHFL
, (7)
where a prefactor aA = ~/(e2EF ) and WHFL represents
the HFL bandwidth connected with the quasi-particles
scattering rate which can be probed by the angle-resolved
photoemission spectroscopy (ARPES).
All the experimental ρ data were analysed using for-
mula (7). In the least-squares procedure the residual re-
sistivity ρ0, aA prefactor and the WHFL quasi-particles
band-width were varied as independent parameters. The
results of this analysis for CaRuO3 and Sr0.2Ca0.8RuO3
are shown in Fig. 12. It can be concluded, that Eq. (7)
assures quite good description of the ρ(T ) behaviour for
the investigated compounds in the wide range of mag-
netic fields up to approximately 25 K. There is only a very
weak field dependence of the aA prefactor which seems
to be justified by the formula shown below Eq. (7). On
the contrary, the HFL bandwidth considerably increases
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FIG. 13: Magnetic field dependence of the SCR parameters
determined from fitting specific heat data for Sr1−xCaxRuO3
for x = 0.8, 0.9, and 1.0. The solid lines are to guide the eye.
with rising magnetic field (it increases even by a factor
of two for Sr0.2Ca0.8RuO3 in the field of 9 T), it means
for the materials with increasing LFL character. It seems
to be in consent with distinct increase of the WHFL val-
ues in the La2−xSrxCuO4 high-TC superconductor with
increase of the strontium concentration when the system
develops from the NFL to the LFL behaviour in the over-
doped region.
V. SHORT SUMMARY
In this paper we report the results of the specific
heat and the resistivity measurements for Sr1−xCaxRuO3
compounds with the calcium concentration x ≥ 0.8. The
measurements were performed in the wide range of tem-
peratures and external magnetic fields. In the indicated
range of concentrations the materials show the anoma-
lous properties which do not agree with predictions of
the Landau Fermi liquid theory. Careful analysis of
the C/T and ρ(T ) behaviour allowed to determine the
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Landau Fermi liquid temperature which separates the
Fermi liquid region (C/T = const and ρ ∼ T 2) from
the region of the anomalous non Fermi liquid behaviour
identified by the ρ ∼ T 5/3) temperature dependence of
the resistivity and prepare the T–x and T–B phase di-
agrams for the investigated materials. In addition, the
experimental results were compared with predictions of
the self-consistent renormalization theory of spin fluctu-
ations of Moriya (specific heat and resistivity) and with
the ‘hidden Fermi liquid’ theory of Anderson (resistiv-
ity). Rather good agreement was found between the ex-
perimentally determined and theoretically calculated be-
haviour in some ranges of temperature. Detected anoma-
lous increase of C/T below approximately 2 K for all
investigated materials at very low magnetic fields of 0.2–
0.3 T (at zero field for the x = 0.2 sample) was inter-
preted as caused by the Schottky type anomaly induced
by the ferromagnetic clusters.
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VI. SUPPLEMENTAL MATERIAL
A. Bulk magnetic properties of Sr1−xCaxRuO3
(x ≥ 0.6)
The main purpose of the bulk magnetic investigations
was to get information about the magnetic properties
of Sr1−xCaxRuO3 compounds in the range of calcium
concentration where T = 0 phase transition between an
itinerant ferromagnet and a paramagnetic metal was ex-
pected. This critical concentration was obtained by ex-
trapolation of the values of Curie temperatures TC(x) to
0 K as equal to xc ' 0.7.15,18 Later on, the existence
of inhomogenous ferromagnetic states in some concen-
tration range near xc was discovered by µSR
26,27 and
precise magnetisation measurements on compositionally
inhomogenous thin film.25
Nevertheless, checking bulk magnetic properties for
our samples is important to ensure that the samples used
for thermodynamic and electronic transport investiga-
tions are of good quality. Then it is important to know
exactly whether the materials behave as ferromagnets,
independently if all Ru moments participate in the or-
dering or there are only ferromagnetic clusters embodied
into the paramagnetic matrix, and in which materials
there is the paramagnetic state without any ferromag-
netic impurities.
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FIG. 14: Inverse of magnetic susceptibility measured at 1
kOe for the family of Sr1−xCaxRuO3 compounds.
The bulk magnetic measurements were performed on
samples with calcium concentrations x = 0.6, 0.65, 0.7,
0.75, 0.8, 0.9 and 1.0 which cover the regions being on
both sides of the critical concentration xc. The investi-
gations included the measurements of the ZFC and FC
magnetic susceptibilities in weak magnetic field of 5 mT
and a series of experiments sensitive to the ferromagnetic
ordering which comprised: measurements of ac suscepti-
bility χ′(T ), search for the hysteresis loop at T = 2 K
and the study of the magnetic equation of state (Arrott
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FIG. 15: Ac susceptibility measured at 3 Oe, 10 Hz showing
ferromagnetic transitions for several Sr1−xCaxRuO3 samples.
plot).
Approximately above 100 K, the temperature depen-
dence of the magnetic susceptibility for all the investi-
gated materials are well described by the modified Curie-
Weiss formula χ = χ0 +C/(T −Θp), where C is a Curie
constant, Θp denotes a paramagnetic Curie temperature
and χ0 contains all the temperature independent contri-
butions to the magnetic susceptibility (Fig. 14). The
paramagnetic Curie temperature Θp changes sign from
positive to negative approximately at x ' 0.6. It can be
also observed that values of the effective magnetic mo-
ments µeff inferred from the values of the molar Curie
constants C = N0µ
2
eff/(3kB), where N0 is the Avogadro
number and kB is the Boltzmann constant, practically do
no vary with concentration being very close to the value
for the ferromagnetic SrRuO3 µeff ' 2.8µB , which has
probably much more localized character of the magnetic
moments in the Ru site,18,19,55 and show only minor in-
crease for the materials with the calcium concentrations
above 0.8.
The Sr1−xCaxRuO3 compounds with the calcium con-
centrations x = 0.6, 0.65 and 0.70 behave as ferromag-
nets. This is demonstrated by the distinct maxima in the
temperature dependence of the ac susceptibility (Fig. 15)
and by the presence of the hysteresis loop at 2 K (Fig.
16). For materials with the calcium concentration above
0.70 the hysteresis loop changes the character being much
more elongated and very narrow (Fig. 17). This is prob-
ably connected with a partial ordering when only some
fraction of the sample or even only small clusters show the
ferromagnetic behaviour. The narrow hysteresis loops at
2 K for the x = 0.75 and x = 0.8 compositions are shown
in the inset of Fig. 17. Searching carefully the mag-
netization process one finds also some irreversibility for
x = 0.90 material an for pure CaRuO3 (not shown).
Different magnetic properties of x = 0.6 and x = 0.8
are demonstrated by the investigation of the magnetic
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FIG. 16: Magnetic hysteresis loops for Sr1−xCaxRuO3 show-
ing ferromagnetic phase.
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FIG. 17: Magnetic hysteresis loops for Sr1−xCaxRuO3 for
Ca rich compositions. Inset: zoomed low field range.
equation of state. The Arrott plots for these two mate-
rials are shown in Fig. 18. It is clear that for the sample
with x = 0.6 there is a different from zero magnetisation
at H = 0 at low temperatures. The plot allows to de-
termine from a suitable isotherm the Curie temperature
TC ' 23(1) K. The Curie temperatures for the samples
with different calcium concentrations determined from
the adequate Arrott plots are shown on the B = 0 phase
diagram in Fig. 3 in the main text. Moreover, there is no
any isotherm which leads to the different from zero mag-
netisation at H = 0 for the Sr1−xCaxRuO3 compounds
with x ≥ 0.8, including pure CaRuO3 (not shown) which
means that all these compounds are essentially in the
paramagnetic state. The Arrott plot for the x = 0.8 ma-
terial is shown in Fig. 18(bottom). The essentially para-
magnetic ground state of CaRuO3, at least down to 1.8
K, was also inferred from the results of 99Ru Mo¨ssbauer
effect investigations.24 This of course does not excludes
existence of some very small amount of magnetic clus-
ters, detection of which is below the sensitivity of both
methods.
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FIG. 18: Arrott plot for Sr0.4Ca0.6RuO3, showing that the
sample is ferromagnetic with Tc around 23 K (top) and the
similar plot for Sr0.2Ca0.8RuO3 (bottom) without bulk ferro-
magnetism present down to 2 K.
As it was already mentioned, to have the proper no-
tion about the magnetic properties of the Sr1−xCaxRuO3
compounds, one has to take into account the results
of µSR investigations.26,27 They show that whereas the
compounds with calcium concentration x ≤ 0.6 are ho-
mogeneous ferromagnets, which means that all Ru atoms
carry magnetic moments which takes part in the ferro-
magnetic ordering. Materials with x ≥ 0.65 are magneti-
cally not homogeneous, it means they contain both mag-
netic and nonmagnetic fractions. In addition, the already
mentioned results of magnetization measurements of thin
film25 show that the ferromagnetic phase is extended by
the random disorder which could be understand by for-
mation of the inhomogenous ferromagnetic material built
up of ferromagnetic clusters diluted in the paramagnetic
matrix. Presumably, since the Sr and Ca atoms are ran-
domly distributed in the perovskite lattice, the magnetic
fraction built up of the ferromagnetic clusters is caused
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FIG. 19: Zero-field cooled (open circles) and field cooled
(solid dots) susceptibility measured at 50 Oe and shown as
1/χ, for Ca-rich members of Sr1−xCaxRuO3.
by the regions which contain in average more Sr atoms
in the nearest surrounding of Ru then anticipated from
the nominal concentration. These regions are more fa-
vorable for the ferromagnetic order. Formation of such
clusters in some regions of the sample which are more
susceptible to the ferromagnetic order could be the rea-
son of the difference between a field cooled (FC) and a
zero field cooled (ZFC) susceptibilities in the weak mag-
netic fields of 50 Oe, observed in all investigated samples
including pure CaRuO3 (Fig. 19). Moreover, the exis-
tence of the ferromagnetic clusters in the paramagnetic
CaRuO3 was suggested by the results of the neutron scat-
tering experiments.28 In the opinion of the authors of this
reference such clusters can be induced by the defects in
the crystalline structure.
Taking all of that into account one can conclude that
even the essentially paramagnetic materials which we ex-
pect in the high calcium concentration side can have
small ferromagnetic clusters embodied into the param-
agnetic medium. Formation of these clusters probably
starts in the range of temperature where the zero-field
cooled and field cooled susceptibility diverges. The tem-
perature of irreversibility is marked by arrows in Fig. 19.
At high temperatures these clusters are independent and
behave as large superparamagnetic particles, but at low
temperatures even with very weak interaction the system
can freeze forming the cluster glass phase.
B. 99Ru Mo¨ssbauer spectroscopy
The magnetic properties of Sr1−xCaxRuO3 system
were also investigated using the 99Ru Mo¨ssbauer spec-
troscopy. These investigations were performed for mate-
rials which cover the whole range of calcium concentra-
tions and their results will be the subject of a separate
publication.55 In this report only the Mo¨ssbauer spectra
for materials with the composition x = 0.6 and x = 0.8
are presented (Fig. 20). Both of them were obtained with
the 99Rh source in the matrix of metallic ruthenium at
T = 4.2 K.
Spectrum obtained for the x = 0.6 sample was ana-
lyzed taking into account the existence of the hyperfine
magnetic field (Hhf ) at each ruthenium site with distri-
bution of Hhf values caused by different surroundings of
ruthenium by calcium and strontium atoms. This spec-
trum confirms that Sr0.4Ca0.6RuO3 is homogeneously
magnetically ordered. In the contrary, the Mo¨ssbauer
spectra for the x = 0.8 material was analysed as a non-
magnetic spectrum which, even taking into account an
extremely small and unresolved quadrupole splitting in
the resonance absorber and source, looks like a single nar-
row resonance line. This spectrum confirms nonmagnetic
(paramagnetic) state of Sr0.2Ca0.8RuO3 at 4.2 K. Nev-
ertheless, this does not contradict a possible existence
of the ferromagnetic clusters mentioned in the previous
section with concentration below approximately 3%.
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FIG. 20: 99Ru Mo¨ssbauer spectra for Sr0.4Ca0.6RuO3 and
Sr0.2Ca0.8RuO3 at 4.2 K. For the latter no hyperfine magnetic
field is measurable, while for the former, significant broaden-
ing of the spectrum is caused by magnetic hyperfine field.
C. Numerical data inferred from C/T and ρ(t)
analysis
This section contains four Tables of collected almost
all results obtained from the analysis of the specific heat
and electrical resistivity.
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TABLE I: Results of specific heat analysis using the SCR model of T. Moriya.
compound B (T) TLFL (K) y0 y1 T0 (K) γ0 (mJ·mol−1·K−2)a
CaRuO3 0 1.6(2) 0.1001(37) 5.25(26) 215.4(3.0) 10
0.27b − − − − −
0.5 0.7(1) 0.0572(19) 2.40(17) 257.0(2.7) 10
1 1.3(2) 0.0954(36) 4.68(26) 218.6(3.0) 10
3 2.1(2) 0.1652(14) 7.77(74) 179.3(6.2) 10
Sr0.2Ca0.8RuO3 0
b − − − − −
0.2b − − − − −
0.5 0.9(1) 0.0727(19) 2.54(13) 227.8(2.0) 10
1 2.0(2) 0.1761(84) 6.71(97) 164.9(2.0) 10
3 3.9(2) 0.7067(150) 22.2(4.2) 79.6(11.0) 10
aParameter fixed during the least-squares fitting procedure.
bData at this field could not be well reproduced using only this
model, and for this reason the parameters are not given to avoid
distorted values.
TABLE II: Resistivity analysis using ρ = ρ0 + a2T
2 and ρ = ρ0 + a5/3T
5/3 dependencies.
compound B TLFL
b ρ0 a2 a5/3 T range
c
(T) (K) (10−5 Ω·cm) (10−7 Ω·cm·K−2) (10−7 Ω·cm·K−5/3) (K)
CaRuO3 0 1.6(2) 3.992(2) 3.467(6) 4.646(9) 1.52–8.75
0.27 − − − − −
0.5 − − − 4.608(7) below 0.8–9.54
1 − − − 4.646(7) 1.43–9.51
3 1.9(1) 4.067(4) 3.087(15) 4.531(7) 2.22–9.93
6 3.0(2) 4.224(4) 2.457(10) 4.281(5) 2.9–10.9
9 3.5(2) 4.409(4) 2.220(4) 4.075(9) 4.77–11.6
Sr0.2Ca0.8RuO3 0 − − − 3.154(17) below 0.8–9.86
0.2 − − − 3.168(17) below 0.8–9.70
0.5 − − − 3.154(40) below 0.8–10.5
1 2.4(2) 18.729(8) 2.58(41) 3.194(17) 2.52–10.52
3 4.2(2) 18.724(4) 1.804(58) 3.084(20) 3.78–10.55
6 6.7(2) 18.715(3) 1.443(12) 2.950(20) 4.53–11.4
9 8.5(2) 18.729(3) 1.274(6) 2.787(20) 4.47–11.7
aGiven uncertainties of ρ0, a2, a5/3 are statistical errors of fitting
using the least-square method. The systematic errors related with
the geometry of samples reach 10%.
bThe maximal T where T 2 law well reproduces experimental data.
cThe range of T where the T 5/3 law well reproduces experimental
data.
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TABLE III: Results of resistivity analysis using the SCR model ρ = ρ0 + ρSCR and temperature range from 0.6 to 5 K.
compound B (T) ρ0 (10
−5 Ω·cm) aSCR (10−5 Ω·cm)
CaRuO3 0 4.007(2) 812.6(8.0)
0.5 4.005(2) 812.6(5.1)
1 4.012(2) 824.8(4.0)
3 4.080(2) 804.0(8.1)
6 − −
9 − −
Sr0.2Ca0.8RuO3 0 − −
0.5 18.743(3) 505.8(5.8)
1 18.747(4) 497.3(8.3)
3 18.729(4) 476.9(8.3)
6 − −
9 − −
TABLE IV: Results of resistivity analysis using the Anderson model ρ = ρ0 + aAT
2/(T + T0) and temperature range from 0.6
to 24 K.
compound B (T) ρ0 (10
−5 Ω·cm) aA (10−5 Ω·cm) T0 (K)
CaRuO3 0 4.002(2) 0.5355(9) 15.7(1)
0.5 4.000(2) 0.5350(10) 15.7(1)
1 4.013(2) 0.5436(9) 16.3(1)
3 4.069(2) 0.5430(11) 16.8(1)
6 4.215(2) 0.5618(11) 19.1(1)
9 4.397(2) 0.5932(14) 22.8(1)
Sr0.2Ca0.8RuO3 0 18.747(3) 0.3491(22) 14.2(3)
0.5 18.730(3) 0.3499(18) 14.2(2)
1 18.726(3) 0.3523(24) 14.4(3)
3 18.713(3) 0.3676(28) 16.2(3)
6 18.693(3) 0.3955(35) 20.0(4)
9 18.706(3) 0.4298(50) 25.2(5)
